An experiment aiming to study shape coexistence in 193 Bi has been performed. Due to its transitional character, it has an exceptionally large number of structures identified close to the yrast line. Many new states have been found, significantly extending the previously known level scheme of 193 Bi, including several new rotational bands. The πi 13/2 band was extended to I π = 45/2 + . The I π = 31/2 + member of the πi 13/2 band was found to de-excite also to a long-lived isomeric state. This isomeric state is located at 2350 keV and has a spin and parity of 29/2 + . The half-life of the isomeric state was measured to be 85(3) μs and it decays via the emission of an 84 keV E2 transition. A level structure feeding this isomeric state was constructed. A low-energy, 49 keV transition has been identified to depopulate the (29/2 − ) isomeric state, which places it at an energy 2405 keV in the level scheme. This is the first time such a decay has been observed in the neutron-deficient Bi isotopes. A superdeformed band almost identical to that present in the neighboring isotope 191 Bi, based on the 1/2[651] Nilsson orbital, has also been identified.
I. INTRODUCTION
In certain nuclear mass regions, low-lying excited states are associated with a variety of nuclear shapes. One such region, in which coexisting deformed configurations at low excitation energies have been observed, lies close to the proton magic number Z = 82 in the neutron midshell region [1, 2] . The 193 Bi nucleus is in the transitional region between lighter very neutron-deficient odd-A prolate bismuth nuclei [3] and heavier odd-A bismuth isotopes with the absence of any regular bandlike structures for the low-lying states [4] [5] [6] . The bismuth nuclei are of interest as they have only one extra proton coupled to the Z = 82 proton magic lead core. It is therefore desirable to perform an investigation of shape coexistence and studies of the isomeric states built on multiquasiparticle configurations.
In previous studies [7, 8] , strongly coupled rotational bands based on the proton 13/2[606] and 7/2[514] Nilsson orbitals have been observed in 191, 193 Bi nuclei, in contrast to 195 Bi, where very limited spectroscopic information exists [9, 10] . Irregular bandlike structures built on the 1/2 + proton intruder state have been observed in 191 Bi and 193 Bi. In 195 Bi the corresponding state is also known, but the feeding level structure has remained unobserved. An isomeric state with T 1/2 = 3 μs has been reported in 193 Bi [7] . Although the depopulating transition was not observed, this was tentatively assigned with a spin and parity of 29/2 − based on systematics in heavier odd-mass Bi nuclei [4] . The structure of the isomer is associated with the coupling of an h 9/2 proton to the 12 + isomeric state in the 192 Pb core. In several odd-A At isotopes, isomeric states with a spin and parity of 29/2 + have been identified [11] [12] [13] [14] [15] and associated with the coupling of the h 9/2 proton to the π (h 9/2 i 13/2 ) configuration. Moreover, the search for highly excited superdeformed (SD) bands to better understand the nuclear properties under extreme deformation has turned out to be very successful in this region of the nuclear chart [8, [16] [17] [18] [19] [20] . Many theoretical calculations [21] [22] [23] predict well-defined secondary SD minima persisting in the bismuth and polonium nuclei. Thus far, two SD bands have been reported in the odd-A neighbor 191 Bi [8] , the lightest Bi isotope in which superdeformation has been experimentally observed.
In the present study, a new high-spin isomeric state with a spin and parity of 29/2 + was identified. Both the 29/2 + and 29/2 − isomers have been connected firmly to the rest of the level scheme. In total, four isomeric states have been observed in 193 Bi, with half-lives ranging from a hundred nanoseconds up to a few seconds. We also report on the discovery of one SD band in 193 Bi. The similarities between the SD band observed in this work and those seen in 191 Bi are emphasized, and an interpretation in terms of a specific proton excitation is presented.
II. EXPERIMENTAL DETAILS
The experiment was carried out at the Accelerator Laboratory of the University of Jyväskylä (JYFL), Finland. The 193 Bi nuclei were produced in the fusion-evaporation reaction 165 Ho( 32 S ,4n) 193 Bi, where the 32 S 7+ beam, provided by the K-130 cyclotron, was accelerated to an energy of 152 MeV with an average beam current of 17 particle nA (pnA) (130 h irradiation time). The self-supporting target was a 165 Ho foil with a thickness of 350 μg/cm 2 . The reaction products were studied using in-beam γ -ray spectroscopy combined with decay spectroscopy.
The fully digitized JUROGAM II Ge detector array was used to detect prompt γ rays at the target position. The array consisted of 24 clover [24] and altogether 15 Eurogam Phase1 [25] or GASP [26] Compton-suppressed high-hurity germanium (HPGe) detectors. These detectors were instrumented with Lyrtech VHS-ADC cards, which allowed direct digitization of the preamplifier signals. The energies of detected γ rays were determined using a moving window deconvolution (MWD) algorithm [27] implemented in the field-programmable gate array (FPGA) of the analog-todigital converter (ADC) cards. The total photopeak efficiency of JUROGAM II using the add-back technique was 5.2% at 1.3 MeV. The JUROGAM II array was coupled to the gas-filled recoil separator RITU [28, 29] to separate the nuclei of interest from unwanted particles. The ions transported through the separator were subsequently implanted in the GREAT focal plane spectrometer [30] for the identification of fusion products of interest (recoils, Re). When arriving in GREAT, the recoils passed through a multiwire proportional counter (MWPC) and continued to the main instrument of the GREAT spectrometer: two 300 μm thick double-sided silicon strip detectors (DSSD), 40 mm × 60 mm in size with a 1 mm strip pitch. The DSSD was used for the implantation of recoils and for the detection of their subsequent decays such as α decay in horizontal strips (DSSD-Y side) or internal conversion electrons in vertical strips (DSSD-X side) [30] . To collect the α particles and conversion electrons that have escaped from the DSSD, silicon PIN diode detectors were mounted in a box arrangement upstream from the DSSD. A planar Ge strip detector was mounted directly behind the DSSD to detect low-energy γ rays and x rays. A set of three clover HPGe detectors was added to face the GREAT chamber from the sides and from above to detect high-energy γ rays. All data channels were recorded synchronously using the triggerless total data readout (TDR) [31] data acquisition system. All the events were time-stamped using a 100 MHz clock. The data were analyzed using the recoil-gating, recoil-decay tagging (RDT) [32] , and isomer-tagging techniques [33] and processed using the GRAIN [34] and RADWARE [35, 36] software packages.
III. RESULTS
The 193 Bi nucleus has two α-decaying states: the 9/2 − ground state [E α = 5899(5) keV, I α = 95.8% and E α = 6174(5) keV, I α = 4.2%] and the 1/2 + proton intruder state lying at 307 keV [E α = 6475(5) keV] [37] . The very small α-decay branch of the ground state, b α = 3.5(15)%, together with its long half-life of 67(3) s [37] makes it difficult to obtain clean recoil-α correlations. On the other hand, the 1/2 + intruder state with a total α-decay branch of b α = 90 +10 −20 % and an α-decay half-life of T 1/2 = 3.2(6) s [37] enabled us to perform an RDT analysis. An α-particle energy spectrum collected with the DSSD detectors is shown in Fig. 1 .
The level scheme presented in the earlier study by Nieminen et al. [7] has been extended. Many and the related γ -ray transitions are listed in Table I . The ordering of these γ -ray transitions has been established based on a detailed coincidence analysis of γ -γ matrices and a γ -γ -γ cube. As a result, the level scheme shown in Fig. 2 has been constructed. The values of angular distribution ratios (R DCO ) were extracted from two γ -γ matrices, which were formed by sorting recoil-gated prompt coincidence events with (157.6
• ) vs (all angles) and (75.5
• ) vs (all angles) combinations. By setting the same energy gates on the (all angles) projection spectrum in both matrices, two coincidence spectra were made representing the aformentioned detection angles. The intensities of the γ -ray transitions of interest were extracted from these spectra and normalized for the detection efficiency. The DCO (directional correlations deexciting oriented states [38] ) ratio was calculated using the formula
The typical values for stretched dipole and quadrupole transitions are 0.8 and 1.3, respectively. The resulting R exp values with the error estimates are listed in Table I . The JUROGAM II array was also used to determine the linear polarization of γ -ray transitions (IPDCO, integrated polarizational-directional correlation from oriented nuclei [39] ). Two γ -γ matrices were created as follows: The first γ ray corresponds to a single-crystal hit in any detector of the array and the second one to the sum of the energy deposited in two crystals within the same clover detector located either at 75.5
• or 104.5
• relative to the beam axis. With such a procedure, the matrices contain events with either horizontally or vertically scattered γ rays in a clover (at the angles mentioned above) on one axis and a single-crystal hit on any of the detectors on the other axis. The experimental polarization asymmetry is defined as
where N ⊥ and N denote the number of coincidence counts between the segments of the clover detector in the direction perpendicular and parallel to the emission plane, respectively. The a(E γ ) is the normalization factor corresponding to the 044310-2 
a A γ -ray transition depopulating the isomeric state. b The energy of this transition is obtained from the difference of the level energies of the 19/2 + and 21/2 + members of Group C. c Seen in coincidence with the 143.0, 146.8, 185.5, 252.5, and 278.6 keV transitions in the prompt γ -ray spectra. d Seen in delayed coincidence with the members of Band 2 and the 307 keV transition. e Seen in coincidence with the members of Band 1 in the prompt γ -ray spectra. f The DCO and IPDCO value applies for both transitions. The ordering of these two transitions is not clear as they are too close to each other in the coincidence γ -ray spectrum.
asymmetry of the JUROGAM II array and is defined as
where N (unpolarized) and N ⊥ (unpolarized) have the similar meanings as N and N ⊥ given above but they are obtained in a case of unpolarized radiation. The normalization factor a is a function of γ -ray energy and has been obtained from the measurement with a standard 152 Eu radioactive source. Figure 3 shows the variation of a with E γ . As one can see, the value of a is very close to unity and varies only minimally with the energy, therefore showing that the clovers are nearly symmetric. The number of horizontally (N ⊥ ) and vertically (N ) scattered events for a given γ ray was obtained by setting gates on coincident single-crystal hit γ -ray transitions in the two asymmetric matrices. Based on the experimental results obtained in this work using the JUROGAM II array, stretched magnetic transitions have a value of IPDCO ∼ −0.1 and those of stretched electric transitions of ∼ 0.1.
To determine the polarization sensitivity Q of the JU-ROGAM II array, the linear polarization P of stretched M1 and E2 transitions have been calculated. Consequently, the relation Normalization factor a(E The coefficients p 0 and p 1 were determined by a leastsquare fit to calculated values of Q using the function for effective polarization sensitivity, usually given as
The Klein-Nishina formula [40] gives
where α = E γ m e c 2 and m e is the electron rest mass.
A. Spherical and oblate states
The present results, utilizing γ -γ and γ -γ -γ coincidences and energy-sum arguments, support the previously reported level scheme. The present study allowed the knowledge of this nucleus to be extended considerably and resulted in a rather complicated level scheme.
Band 1
The 13/2 + bandhead of Band 1 has a half-life of 153(10) ns [7] . The band structure feeding the isomeric 13/2 + state (Band 1) was previously observed up to I π = (29/2 + ), where the statistics did not allow firm assignment of the two uppermost states. In the present study, Band 1 was extended up to I π = 45/2 + at an energy of 4.826 MeV [for corresponding transitions see Fig. 5(a) ]. Band 1 undergoes a sharp bandcrossing above I π = 25/2 + . Experimental intensity ratios R exp and linear polarization asymmetry factors, listed in Table I , support the previously assigned M1 and E2 character for the transitions reported by Nieminen et al. [7] and extend this information up to the topmost members of the band. A γ -ray spectrum gated on the 154 keV transition, placed just above the band crossing, is shown in Fig. 5(a) . A strong γ -ray peak with an energy of 614 keV, which does not belong to Band 1, 044310-10 appears in this spectrum. This transition provides a connection to another level structure (Group E).
States with positive parity in Groups A, B, and C de-excite to the members of Band 1. Most of these transitions can be immediately seen when gating on the 323 keV γ -ray transition in the prompt γ -γ coincidence matrix [see Fig. 5(b) ]. In total, more than 20 γ -ray transitions have been found to originate from the states of positive parity and feed Band 1 up to spin 25/2 (see Fig. 2 ).
Band 2
In the previous study by Nieminen et al. [7] the negative parity Band 2 was deduced up to I π = (25/2 − ) with only tentative spin assignment for the uppermost states. Here, gating on the strongest transitions of Band 2 (see Fig. 2 ) helped not only to extend this band to higher spin, I π = 29/2 − , by the 125, 135, and 206 keV transitions, but also to reveal the bandhead for the first time. The population of the bandhead from the members of the band is however weak, since the main decay out of the band proceeds via the emission of two intense higher energy γ rays with energies of 620 and 818 keV, depopulating the 11/2 − and 13/2 − states, respectively. Based on the level scheme, the 279 keV transition must have an M1 character, resulting in the lowest state of Band 2 having a spin and parity of 7/2 − . States of both parities (Groups C, D, and F) have been found to feed the negative parity states of this rotational band from spin 7/2 up to 21/2 (see Fig. 2 ). Group C was also found to feed lower lying members of Band 1. This feature of Group C will be discussed in more detail later in the text.
Bands 3 and 4
A cascade of five coincident prompt γ -ray transitions assigned as Group B was reported in [7] . The link between this group and the rest of the level scheme could not be established at that time. It was suggested that the lowest state has an isomeric character. However, in the present study it was found that the decay is prompt but very fragmented. Inspection of the prompt coincident spectra generated by gating on the previously floating cascade of low-energy transitions revealed new dipole γ -ray transitions with energies of 103, 143, 147, 204, 213, 232, and 263 keV, all associated with 193 Bi. These transitions together with the previously identified cascade of transitions form a regular rotational band (Band 3). At first, the cascade of M1 transitions resembles a shears band similar to the one observed in 197 Bi [6] , only located at lower excitation energy. However, when gating on the 143 and 147 keV transitions, respectively, a group of new γ rays located around 500 keV appears in the prompt coincident γ -ray energy spectrum. Selecting various energy gate combinations enabled us to identify five new E2 transitions, with energies of 438, 513, 531, 574, and 596 keV. On the basis of energy sum arguments using I = 2 transitions, the ordering of transitions in Band 3 was deduced. Using the sum of gates of all known M1 members of the band resulted in the extension of the band up to an energy of 4242 keV and a spin and parity of (37/2 − ). The band structure starts to be irregular above spin 33/2 − , which may indicate that a band crossing is taking place.
Many links between Band 3 and lower-lying collective and noncollective states have been identified (see Fig. 2 ). One of the decay paths of Band 3 proceeds via the emission of two γ -ray transitions with energies of 284 keV and 631 keV, which serve as the connecting links between Band 3 and the newly observed Band 4 (see Fig. 2 ).
The links to Band 2 allowed us to unambiguously determine the spin and parity of most of the Band 3 members. We assign the 19/2 − state as the bandhead. As demonstrated in Fig. 5(c) , the gated spectrum involves two separate groups of lower and higher-energy γ rays, which belong neither to Band 3 nor to Group F. They form a cascade of M1 and E2 transitions characteristic of a strongly coupled rotational band. The 662 keV γ -ray transition depopulates the I π = 9/2 − bandhead of the new strongly coupled h 9/2 band (Band 4). In our study, this band is observed up to energy of 2.241 MeV and spin and parity of 19/2 − . Also in this band, the decay of the lower-spin states is rather fragmented.
Groups D and F
Gating on the γ -ray transitions from the lower part of Band 2 in the prompt γ -γ matrix revealed many new γ -ray transitions. One part of these transitions forms a separate group of states, Group D, each connected via only one transition with Band 2. All of these states are weakly populated, making it difficult to firmly assign the multipolarity to the corresponding γ -ray transitions and hence the spin and parity of the states. Nevertheless, it was possible to perform a DCO analysis for some of the transitions in the group (see Table I ), thus proving negative parity for the majority of the states.
Another group of negative parity states, Group F, is next to Band 2 in Fig. 2 . Here, gating on the two γ rays, 352 and 1067 keV, appearing as doublets in the recoil-gated γ -ray energy spectrum, contributed most to building of this part of the presented level scheme. The 1067 keV transition was found to depopulate the 13/2 − state to the 9/2 − ground state. By gating on this γ ray, another relatively strong E2 transition with an energy of 670 keV was observed. However, no other comparably strong transitions were observed, excluding the possibility of the presence of another rotational band. Many other γ -ray transitions can be identified in the γ -ray energy spectra gated on the aforementioned γ rays (see Fig. 2 ).
High-spin isomeric states
Band 5 is built on an isomeric state with a spin and parity of (29/2 − ) [7] . The γ -ray spectrum observed with the focal plane Ge detectors within 15 μs after a recoil implantation in the DSSDs is shown in Fig. 6(a) . The prominent peaks in this spectrum are associated with the decay of this isomeric state. The half-life of the isomeric state was remeasured with a final value of T 1/2 = 3.02 (8) μs. This value was obtained by projecting and fitting the time differences between the detection of the ( E-ToF condition) recoil and delayed γ -ray transition with an energy of 307 keV at the focal plane, which is the most intense transition in the delayed γ -ray spectrum within the time window t(recoil-delayed γ ) = 0-15 μs [see Fig. 6(a) ]. The measured value for the half-life is consistent with that in [7] . In order to examine the feeding pattern of the (29/2 − ) isomer, a γ -γ coincidence matrix of prompt transitions using the isomer-tagging technique was used. Here only those prompt γ -ray transitions which were in delayed coincidence with the transitions detected at the focal plane detectors within a specific time interval are detected. The γ -ray energy spectrum of prompt transitions in delayed coincidence with the 307 keV transition detected in the focal plane Ge detectors is shown in Fig. 6(b) . Several new γ -ray transitions were found, extending the structure feeding this isomer to higher spin and energy, forming a bandlike structure Band 5 (see Fig. 2 ).
Since the 307 keV transition is also seen in the prompt γ -ray data, the de-excitation of this isomeric state must proceed via emission of another, low-energy γ -ray transition. As discussed in [7] , the transition depopulating the isomeric state, with an upper energy limit of 60 keV and assigned E2 character, appears to be strongly converted. It is therefore difficult to observe in the focal plane data of this experiment, as the PIN diode detector threshold was close to 100 keV.
The γ -ray energy spectra detected in the planar detector in coincidence with individual transitions below the isomeric state do not give clear evidence for such a transition. However, the summed coincidence spectrum in Fig. 7 gated on all strong transitions in Band 2 detected in focal plane clovers shows a transition at 49 keV, which fits well within the energy limit set by the systematic studies. A peak at the same energy also appears in the planar spectrum tagged by the prompt γ -ray transitions feeding the isomer, detected in JUROGAM II. We therefore attribute the 49 keV transition to the decay A conversion electron intensity analysis using the information obtained from the delayed γ -ray gated PIN spectra (γ -electron coincidences) resulted in a conversion electron intensity ratio K/(L + M + · · · ) = 1.37 (12) for the 307 keV transition, matching the theoretical value 1.26(4) for an E2 transition [41] . An E2 character assignment for this transition is also supported by the DCO ratio, which is 1.28(13), hence indicating a stretched quadrupole transition. Based on the intensity balance between the 49 and 307 keV transitions, we get an internal conversion coefficient of α tot = 185 (20) for the 49 keV transition. This is in good agreement with the theoretical value α th,T ot = 192(3) for an E2-type transition [41] . This observation makes the 193 Bi the lightest Bi isotope, in which the full decay path of the 29/2 − isomer has been observed so far. The only other known cases are 203, 205, 207 Bi [42, 43] , where the decay of the isomer proceeds via an E1 transition.
The previous study of 193 Bi [7] also revealed the existence of another long-lived isomer. Due to the limitations of the DAQ system, only a lower limit of 10 μs for the half-life was suggested. The transitions forming part of the fragmented de-excitation path from the isomeric state are visible in Fig. 6(a) . As can be seen, the statistics were poor for the relevant transitions using a search time of 15 μs. Any attempt to gain more statistics using a longer search time between recoil implantation and the detection of the delayed γ -ray transitions failed due to increasing background. To overcome this difficulty, recoil-electron correlations were employed. By selecting only those delayed transitions which were in prompt coincidence with electrons detected in the same DSSD pixel as the recoil within 15-400 μs (15 μs starting time due to electronic read-out dead-time), the spectrum presented in Fig. 8(a) was generated.
From the focal plane data, we confirmed the observations in [7] , that a long-lived isomeric state de-excites via the 2110 and 2129 keV states. Using the γ -γ data from Ge detectors at the focal plane and the same isomer-tagging technique as in Fig. 8(a) decay of this isomeric state were identified, see Group C in Fig. 2 . By applying a 15 μs -3 ms search time window for the delayed γ -ray transitions and gating on γ -ray transitions located immediately below the isomeric state, the half-life of this isomeric state could be determined. The time-projection (recoil-γ t) of the 455 keV transition is shown in Fig. 9 , indicating that the half-life is 85 (3) depopulating the states located below the isomer, and therefore they are not shown here separately.
It is evident that one 138 keV transition is not enough to explain the γ -γ coincidences. A 138 keV transition is placed between the 1673 and 1536 keV states as in [7] and assigned to be of M1 character. Another 137 keV transition is placed feeding the 2129 keV state. The de-excitation path from the high-spin isomeric state proceeds via this 137 keV transition. Analysis of prompt γ -γ data from JUROGAM II gives a consistent result for Group C. The higher lying levels in Group C are based on the JUROGAM II data only. The 137 keV transition from the 2266 keV state cannot de-excite the isomeric state, because it also appears in the JUROGAM II data. In the γ -ray spectra as obtained from the planar detector at the focal plane, a transition with an energy of 84 keV is observed in coincidence with the 138, 436, and 455 keV transitions. Assuming that the 84 keV γ -ray transition depopulates the isomer, based on the energy sum arguments, the 85 μs isomer is located at an excitation energy of 2350 keV.
Another constraint for the excitation energy of the 85 μs isomeric state comes from the isomer-tagged JUROGAM II data. The prompt γ -ray energy spectrum shown in Fig. 8(b) is collected from the isomer-tagged events detected in the JUROGAM II array, applying a 15-400 μs recoil-electron correlation time gate, combined with the prompt coincidences between delayed γ rays and correlated electrons. In this spectrum, γ -ray transitions assigned to the upper part of Band 1 appear. The strong 614 keV transition, visible also in Fig. 5(a) , connects the isomeric state and Band 1, as shown in Fig. 2 . The cascade 158 keV + 609 keV provides a parallel path. The 609.1 and 614.0 keV γ -ray transitions and the 158 keV transition are assigned with a stretched dipole character. Provided that the scheme for Band 1 is correct, the isomeric state has a spin and parity I π = 29/2 + and lies at 2350 keV. The other γ -ray transitions present in Fig. 8(b) form a structure labeled as group E. The 31/2 + states in Band 1 and Group E lie only ∼ 5 keV apart (see Fig. 2 for details) . Mixing of these states most likely explains the decay path from Band 1 to the 29/2 + isomeric state. The isomer-tagged data collected at the RITU focal plane were also used to extract the internal conversion coefficients for several important transitions. For this purpose, the transition intensities in Figs. 8(a) and 10 were compared. The 323 keV transition was used in order to obtain the normalization factor between these two spectra. The electron detection efficiences for PIN diode detectors have been taken from [44] . The peak with the lowest energy observed in the Re-DSSD-X-electron correlated PIN energy spectrum shown in Fig. 10 [41] . By combining the experimental conversion coefficient values with the information on linear polarization factors and DCO ratios, we can conclude that the 455 and 137 keV transitions both have an E2 character. This yields a state with a spin and parity of 25/2 + at 2266 keV (see Fig. 2 ), depopulated by a 137 keV transition. Consequently, it implies an E2 character for the 84 keV transition.
The decay of the states below the isomer is rather fragmented. The number of decays to positive (M1 transitions) and negative parity states (E1 transitions) is almost equal. Examination of the prompt γ -γ data together with the analysis of the delayed part of the isomer-tagged data, enabled us to unambiguosly identify the second 13/2 + state (Group C) in this nucleus. It mainly decays via the emission of a 511 keV γ ray to the 13/2 + 1 state. The possibility of having an E0 component was excluded based on the transition intensity analysis, and the transition was assigned a mixed M1 + E2 character. Another main decay branch of the 13/2 + 2 state is to the 11/2 − member of Band 2, via a 497 keV E1 transition.
Band 6
The 1/2 + proton intruder state located at 307(7) keV [37] predominantly decays via the emission of an α particle. The structure feeding the intruder state can therefore be studied by means of the RDT method, where, by gating with the recoil decay events (in this work α particles), one can select the transitions in prompt coincidence with the preceding recoil. The level sequence above the 1/2 + intruder state was reported for the first time in [7] , with only a tentative spin assignment. The 200 keV transition, tentatively assigned with M1 character was placed directly feeding the 1/2 + state. The location of several transitions remained unresolved. In the present work, analysis of α-tagged data allowed a regular band-like structure to be constructed feeding the 1/2 + intruder state. In this study, the uppermost state of the band has a spin and parity I π = (17/2 + ) and energy 2.141 MeV. In Fig. 11 (a) the newly observed transitions can be seen in the prompt γ -ray spectrum tagged with the 6475 keV α particles from the decay of the 1/2 + state. Different half-lives for the 1/2 + state can be found in the literature, e.g. namely T 1/2 = 1.9(4) s [37] , T 1/2 = 3.15 s [45] and T 1/2 = 3.48(18) s [46] . In our study, a search time of 9.6 s was used. Decay time analysis using the logarithmic time scale method [47] of the α-tagged data was performed. In the present experiment, the random rate in the DSSDs was comparable to the half-life of the 1/2 + state. The unwanted background in the decay-time distribution originates mainly from random and α-particle-like treated recoils and scattered beam (no energy signal in the MWPC). To reduce its effect, only three corners of the DSSD (10 × 10 strips size) were used to collect the necessary information from the part of data recorded at a lower count rate. The distribution obtained by this method (by Eq. 8 in [47] ) together with corresponding fit is presented in Fig. 12 . This fit gives an apparent half-life 2.68(4) s for the 1/2 + intruder state. The random background peak with its half-life of 21 (1) The distribution of time differences between the recoil implantation T Re and the detection of a subsequent α particle T α from the α decay of the 1/2 + state in three corners of the DSSD. Only part of data with lower count rate of recoils was used to generate this distribution. The distribution was fitted using the two-component fit (the solid curve through data points). The displayed half-life is corrected for the background contribution.
An additional correction [48] to the half-lives obtained by applying the method described in [47] must be made, when the half-life is not much shorter than the value of related random recoil rate. The distribution obtained with T 1/2 = 2.68 s in Fig. 12 involves also some events, where the α decay is correlated with a random recoil. Therefore, the fitted decay constant is sum of λ 1/2 + and λ bgr. . The final half-life deduced from the decay-time distribution with lower recoil counting rate and corrected for the contribution from the random background has a value of 3.07(13) s.
The 7/2 − bandhead of Band 2 located at 279 keV makes it possible for the 1/2 + state to also decay via an electromagnetic transition. The resulting 28(7) keV transition would be of E3 character, and hence highly converted. However, correlation with electrons did not provide a clean spectrum in this case and its efficiency was rather low.
B. Superdeformed band
The analysis of the data revealed the presence of a band of thirteen coincident transitions extending from 127 to (605) keV (see Fig. 11(b) and Table II ) with an average energy difference of 40 keV, i.e., consistent with the spacing expected for a superdeformed (SD) shape in this region [21] . This SD band was found by tagging on α decays of the 1/2 + proton intruder state, and represents ∼ 3.9% of the total population of this state. The spectrum presented in Fig. 11(b) is the sum of spectra in coincidence with the cleanest gates. The cascade character of these transitions was confirmed by summing the spectra gated on all transitions from 127 to 412 keV, plus 489 keV in LEVIT8R [35, 36] using the recoil-gated γ -γ -γ cube. No signature partner of this band was found.
Gamma-ray transitions related to the decay of the SD band to the 1/2 + intruder band were searched for energies up to 4 MeV. If the bandhead of SD band would decay via one transition to the 307 keV level, this should be clearly observed. There is evidence of a weak γ -ray transition with an energy TABLE II. The energy (E γ ), relative intensity (I γ (α) ) in the α-tagged gated spectrum, relative intensity (I γ (rec.) ) in the recoil-gated spectrum (Re-γ -γ -γ ), excitation energy (E i ), and spin and parity (I π i and I π f ) of the initial and final states of the γ -ray transitions assigned to the SD band in 193 Bi. The statistical error of about 0.3 keV should be added to the fitting errors given for most of the transitions listed in the first column. of about 1836 keV in the α-tagged data, which is in clear coincidence with some transitions of the observed SD band in 193 Bi (see Fig. 13 ). More statistics is required to confirm the possible linking transition connecting the SD band and Band 6.
IV. DISCUSSION
The nucleus 193 Bi lies in a transitional region, since in the lighter Bi isotopes deformed structures dominate, whereas in the heavier isotopes the yrast structures can be explained assuming a spherical shape. We present the experimental data exhibiting an extensive manifestation of shape coexistence, as 0 100 200 300 400 500 600 700 [49, 50] . Most of these bands can be described by the coupling of an unpaired proton to the semimagic lead core.
A. Normally deformed states
Band 1: i 13/2
The isomeric 13/2 + state in the neutron-deficient bismuth isotopes can be understood as the coupling of an i 13/2 proton to the oblate 2p-2h 0 + intruder state of the 192 Pb core. The smoothly increasing behavior of the transition energies of the resulting strongly coupled band built on top of this isomeric state terminates when the 25/2 + state is passed. In Fig.  14(a) , the aligned angular momentum i x as a function of the rotational frequency for Band 1 is presented. A sharp band crossing takes place at ω ∼ 0.2 MeV, with about 10-11 gain in alignment. For comparison, alignment plots for the ground state bands in 190 Hg and 194 Po are shown in Fig.  14(b) . The total gain in alignment in Band 1 and the crossing frequency are consistent with those for 190 Hg and 194 Po. In these two even-even nuclei, the alignments have been attributed to the two i 13/2 neutrons, which is most likely the case also for Band 1. Sharp i 13/2 neutron alignments appear to be typical in this mass region for low and moderate oblate deformations. The B(M1)/B(E2) ratios for Band 1 are shown in Fig. 15(a) . Theoretical calculations using parameters taken from [7] nicely follow the experimental pattern, both below and above the band crossing.
Bands 2 and 4
Band 2 is built on the 7/2[514] Nilsson configuration (mixed h 9/2 /f 7/2 ). As can be seen in Fig. 14(a) the same trend in the evolution of i x as a function of rotational frequency is observed as in the case of Band 1. Here, the smooth increase of the E γ (E2) ends at I π = 23/2 − . In our data, Band 2 has been extended up to spin 29/2 − only, which seems to be the point with the maximum gain in the alignment brought by the i 13/2 neutron pair in this rotational band. After the neutron i 13/2 alignment, Band 2 is expected to be as yrast as Band 4 seems to be quite regular and similar to Band 2. The extracted aligned angular momenta for Band 4 shown in Fig. 14(a) are slightly lower than those in Band 2. We assign the 9/2[505] configuration to this band. Theoretical estimates for the proposed configuration reproduce the experimental B(M1)/B(E2) ratios in Fig. 15(d) when a somewhat lower quadrupole moment is assumed compared to other bands in 193 Bi.
Band 3
Based on the bandhead energy of Band 3 and assigned spin values, it is most likely built on a three-quasiparticle (qp) configuration. From the aligned angular momentum plot shown in Fig. 14(a) one can see that the gain of about 6-7 in alignment with maximum possible K = 9.5 chosen (I b.h. = 19/2 − ) can be observed. Such an aligned angular momentum suggests one i 13/2 neutron in the configuration. Since negative parity was assigned for Band 3, a configuration with an i 13/2 proton and neutron coupled to a neutron occupying one of the negative parity orbitals close to Fermi surface is proposed. − and 9 − , respectively [52] . If we assume the same oblate deformation here as for Band 1, the calculated B(M1)/B(E2) ratios reproduce the experimental values, especially at higher spin [see Fig. 15(c) ]. This is a remarkably good agreement, since Band 3 involves three quasiparticles in its configuration. 
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Band 5
Most of the high-spin states in heavier odd-A Bi isotopes can be explained by the coupling of an h 9/2 proton to the Pb core states [9, 43, 53, 54] [56] , respectively. We note that Band 5 has the same quasiparticle configuration as Band 2 after the neutron i 13/2 alignment. While spherical shape is assumed for at least the few lowest members of Band 5, oblate shape is attributed to Band 2. However, Band 5 has a rotational-like character at higher spins. It is possible that the shape changes towards oblate shape in Band 5 at higher spin. It remains to be seen in future experiments whether there are connections from the uppermost members of Band 5 to Band 2.
Band 6
The irregular bandlike structure (Band 6) is built on the 1/2 + proton intruder state, which is of 2p-1h nature. The hole state determining the spin and parity of this intruder state is created by exciting and coupling a proton from 3s 1/2 1/2[400] Nilsson orbital to an odd-proton in the 1h 9/2 9/2[505] Nilsson orbital. An oblate shape is attributed to such a configuration in odd-mass Bi nuclei [7] .
Small increases in alignment at low spin for 191, 193 Bi in Fig. 16 can be observed. Nyman et al. [8] attribute this gain in the alignment in 191 Bi to the crossing of a level structure with a lower deformation by a more deformed structure. We can speculate that in 193 Bi a similar shape change occurs, but at a slightly higher rotational frequency.
Corresponding states have been recently observed also in 199, 201 At [57] (see the level systematics therein for more details). explained as a πh 9/2 coupled to 7 − and 9 − states in Pb isotones [5] . Configurations associated with these states cannot give rise to an isomeric state with spin 29/2.
In the odd-A At isotopes, 29/2 + isomeric states have been observed [11] [12] [13] [14] [15] . They are assigned to the π (i 13/2 h 2 9/2 ) configuration. Jakobsson et al. [14] 192 Pb. This is in agreement with the configuration proposed by Nieminen et al. [7] for an isomeric weakly oblate band with K = 29/2, even though there the coupling of the h 9/2 proton to Pb 11 − core state was suggested. [52, 64] .
The de-excitation path from Band 1 is rather surprising. The 31/2 + state in the level structure built on the isomeric state is only 5 keV apart from the 31/2 + state in Band 1. These two states apparently mix, where from the intensities of the 154 and 158 keV transitions one can estimate the amount of mixing assuming a simple two-state mixing model. The basic wave functions of the two 31/2 + states are products of the πi 13/2 ⊗ νi + level energies, where the E u denotes the unperturbed splitting. Such an interaction energy is consistent with that observed in 163 Er between rotational bands built on different three qp configurations [65] . Finally, the assumption of experimentally observed 5 keV perturbed splitting results in E u = 4.27 keV, indicating a very weak mixing of the above-mentioned configurations.
C. Noncollective states
Several positive parity states, belonging to Group C (see Fig. 2 ), can be interpreted by the coupling of the odd proton in the h 9/2 orbital to spherical negative parity states in 192 Pb. From the theoretical point of view, this has been done by using the cluster interaction approach [5, 59] . Systematics of these states are shown in Fig. 17 
D. Superdeformation
Theoretical calculations predict the πi 11/2 1/2 + [651] orbital to be the lowest configuration in the SD minimum for odd-A Bi isotopes [22, 66] . The SD band observed in the present study is assigned with the favored signature of this configuration. In contrast to 193 Bi, in 191 Bi also the unfavored signature partner was found [8] . The observed band is almost identical to the more strongly populated SD band (SD1, α = −1/2) in 191 Bi. The transition energies are 0-2 keV higher in 193 Bi. There is also a striking agreement between the SD band in 193 Bi and the SD band 4 in 193 Tl, interpreted as the negative signature of the [651]1/2 proton orbital [67] . At lower rotational frequencies, the transition energy differences are below 1 keV. Absolute transition probabilities are necessary in order to confirm the SD character of this band.
The SD minimum is calculated to lie at a lower energy in this mass region than elsewhere. According to calculations performed by Hilaire and Girod [68] , in Bi nuclei a more pronounced SD minimum located at 2 MeV starts to appear in 188 Bi and continues to evolve in heavier isotopes. In the 193 Bi, such a secondary minimum should be located at ∼ 2.4 MeV. In the α-tagged spectrum [see Fig. 11(b) ], no transitions of Band 6 are present. This could mean that the intensity remains in the SD band down to low spins. In the observed SD band built on the 1/2 + [651] configuration the two lowest transitions, which are expected to have energies of about 87 and 46 keV, were not observed. On the other hand, the 87 keV transition would be overlapping with a Bi x-ray peak located at 87.4 keV in the energy spectrum. Moreover, the conversion coefficients for 46 and 87 keV E2 transitions are large, α tot = 261(4) and α tot = 12.82 (18) [41] ), respectively, making these γ -ray transitions almost impossible to observe in the α-tagged energy spectrum (shown in Fig. 12 ). We assume that the intensity flows via these transitions to the 3/2 + bandhead. Either the 3/2 + or the 1/2 + state is the lowest state for the proposed configuration. The SD band is seen in both α-tagged γ -γ and recoil-gated γ -γ -γ data. The γ -ray intensity patterns are different for α- tagged and recoil-gated sum spectra, respectively (see Fig. 18 ), indicating that the SD band also feeds other states than those culminating in the 1/2 + isomeric state. Possible corresponding transitions could not be seen, as the RDT method providing clean γ -ray spectra cannot be employed for the 9/2 − ground state due to its long half-life of 67 s.
V. CONCLUSION
In summary, excited states in 193 Bi have been observed using various tagging techniques. The previously known level structures were extended and new structures were revealed. Several structures can be understood assuming an oblate deformation, while some others require a spherical shape. Also, a rotational band showing properties typical for SD bands was identified. A candidate for a transition connecting the SD band with the 1/2 + proton intruder state was proposed. Using the GREAT spectrometer, a new long-lived isomeric state having I π = 29/2 + was found. We associate this state with the π (h 2 9/2 i 13/2 ) configuration. This isomeric state de-excites via a hindered 84 keV E2 transition to the 25/2 + state of πh 9/2 ⊗ ν(i 13/2 f 5/2 ) parentage. In this work, the excitation energy of another isomeric state with I π = 29/2 − could be determined. This state is associated with the πh 9/2 ⊗ ν(i 
